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（1）盐度对光滑河蓝蛤 Cu 生物累积和毒性的影响：当 Cu 浓度较低时（6-
9 μg/L），在 5-30 盐度范围内，Cu 的吸收速率常数[L/(g∙h)]随盐度上升而显著降
低，且可用经验方程“吸收速率常数=1/(1.35+0.116∙盐度)”定量描述。当 Cu 的
浓度较高时（300-500 μg/L），盐度对 Cu 生物累积的抑制作用不显著，Cu 的毒性
随盐度的升高而增大。在盐度 5、15 和 30 条件下，Cu 的半致死浓度分别为 269 
μg/L、224 μg/L 和 192 μg/L。Cu 毒性的增大可以解释为致死速率随着盐度的升
高而增大，即从 0.44 mg/(μg∙h)上升至 2.08 mg/(μg∙h)，其可能的生理学机制是偏
离生物的最适宜盐度造成渗透压胁迫。 
（2）波动盐度对 Cu 生物累积和毒性的影响：光滑河蓝蛤暴露于低浓度（7-
10 μg/L）的 Cu 72 h；当盐度恒定为 5、15 和 25 时，Cu 的吸收速率常数分别为
0.877 L/(g∙h)、0.554 L/(g∙h)和 0.410 L/(g∙h)；当盐度以 12 h 为周期在 5-25 范围内
连续波动时，Cu 的生物累积曲线可根据恒定盐度条件下测定的吸收速率常数进
行预测，预测值与实测值吻合度较高，1:1 回归线的 r2为 0.915。光滑河蓝蛤暴露
于高浓度（422-500 μg/L）的 Cu 72 h；当盐度在 5-25 范围内周期波动时，蛤的
生存率亦可由 3 个恒定盐度条件下所获取的毒代动力学-毒效动力学模型参数预
测，预测值与测量值的 1:1 回归线的 r2达 0.969。 
（3）溶解性有机质（DOC）对 Cu 生物累积和毒性的影响：DOC 的浓度较
低（< 2.50 mg/L）时，DOC 主要通过络合作用改变 Cu 的形态分布，降低 Cu 的
吸收速率常数，从而减小 Cu 的累积；且在低 Cu 浓度条件下，DOC 对 Cu 吸收
















大，其原因是 DOC 在盐分作用下发生絮凝，絮凝物吸附溶液中的 Cu，进而被蛤
误食进入消化道中。通过絮凝 DOC 摄入的 Cu 并未完全被蛤吸收，因而并未导
致更高的毒性。 
综上，本论文运用毒代动力学-毒效动力学模型定量研究了盐度和溶解性有

















































Water chemistry of estuarine ecosystems is complex and dynamic. Among the 
many factors that affecting the toxicity of metals, salinity and dissolved organic matter 
(DOM) are the two key factors. Salinity and DOM not only affect the bioavailability 
and bioaccumulation of metals, but also affect the physiology and intrinsic sensitivity 
of aquatic organisms. In the study, we investigated the effects of estuarine water 
chemistry on the bioaccumulation and toxicity of copper (Cu) in a model organism 
Potamocorbula laevis under the framework of the toxicokinetic-toxicodynamic model 
using the stable isotope tracer technique and toxicity tests. Below are the major results 
of this study: 
(1) The effects of salinity on the bioaccumulation and toxicity of Cu in the clam P. 
laevis: At low Cu concentrations (i.e., 6-9 μg/L), Cu uptake rate constant [ku, L/(g∙h)] 
decreases significantly with salinity (5-30) and can be quantitatively described with the 
empirical equation: ku = 1/(1.35+0.116∙Salinity). At high Cu concentrations (i.e., 300-
500 μg/L), the inhibitive effects of salinity against the bioaccumulation of Cu are not 
significant; Cu toxicity increases with the elevation of salinity. The median lethal 
concentrations are 269 μg/L, 224 μg/L, and 192 μg/L at salinity 5, 15, and 30, 
respectively. The increases of Cu toxicity can be explained by the increased killing rate 
of Cu from 0.44 mg/(μg∙h) to 2.08 mg/(μg∙h). The probable underlying physiological 
mechanism is the deviation from the optimal salinity of the calm. 
（2）The effects of salinity fluctuation on the bioaccumulation and toxicity of Cu 
in the clam P. laevis. At low Cu concentrations (6-9 μg/L), the uptake rate constant (ku) 
were 0.877、0.554 and 0.410 μg/L at fixed salinity 5, 15 and 30, respectively.The 1:1 
regression line between measured and modeled data, r2=0.915; At high Cu 
concentrations (422-500 μg/L ), the 1:1 regression line between measured and modeled 
data, r2=0.969. TK-TD model provides good prediction in this study.  
















laevis.At low DOC concentrations (< 2.50 mg/L), DOC lowered the uptake rate 
constant (ku) of Cu by reducing the concentration of bioavailable Cu species. These 
effects of DOC were more obvious at low Cu concentrations. At high DOC 
concentrations (> 2.50 mg/L), effects of DOC on Cu bioaccumulation was unexpected. 
DOC increased the bioaccumulation of Cu. We speculated that it was due to the 
flocculation of DOC, which acted as a carrier of Cu and was ingested by the filter-
feeding clams. The increased Cu bioaccumulation was not translated into higher toxic 
effects, presumably due to the lower toxicity of intestinal Cu, which can be egested 
rapidly. Overall, DOC showed protective effects against the toxicity of Cu.  
In conclusion, this study use toxicokinetic-toxicodynamic model to predict and 
quality the effects of salinity and DOM on the bioaccumulation and toxicity of copper 
(Cu) in a model organism Potamocorbula laevis. This model could be used to different 
metals or different biological species, providing a framework for organizing future 
studies in this area, and facilitate the better management of metal risks in estuarine 
systems. 
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的影响，然而目前的 BLM 无法实现这样的操作。 
本研究引入毒代动力学-毒效动力学（Toxicokinetic-Toxicodynamic，TK-TD）



















1.1 我国河口及近海环境中 Cu 污染概况 












国主要河口及近海环境中 Cu 的污染状况。 
渤海是半封闭型海湾，水域面积小，水力交换条件较差，周边存在大量冶炼、
石化工业，是我国近海 Cu 污染最严重的区域之一。Wang[20]指出锦州湾海域水体
中 Cu 浓度范围为 1.71-3.49 μg/L。Zheng[21]在锦州湾葫芦岛锌冶炼厂周边的表层
沉积物中检测到 Cu 的最高浓度为 1072 mg/kg。Xu[22]等在渤海湾山东区一处河口
区水体和沉积物中分别检测到 Cu 浓度 2755 μg/L 和 1462 mg/kg。 
长江是我国最大的河流，河口三角区是我国城市分布最密集、经济最为繁荣
的区域之一。长江平均水流量为 9.28×1011 m3/a，沉积物负载通量约 4.8×108-5×108 
t/a，超过 90%的悬浮沉积物最终沉积于中国东海内陆架和长江河口区域，这一过
程使得大量的金属输入河口及近海环境[23-25]。Fang[26]指出我国东海表层沉积物受























区海水中溶解态Cu浓度范围为 0.34-3.26 μg/L，沉积物中Cu浓度高达 90 mg/kg。
据报道，Cu 在珠江口内的均值比口外近海高约 3-5 倍，并且该区域人为输入的




Pan 和 Wang 测定了九龙江口北岸水域溶解态金属的浓度，其中 Cu 的浓度范围
为 9.14-74.90 μg/L[37]，沉积物中 Cu 浓度范围为 45-223 μg/L[38]。福建第一大河闽
江同样也面临着严重的 Cu 污染问题，其河口区湿地沉积物中 Cu 含量均值为
45.22 mg/kg [39]。Cu 也是福建浅海沉积物中的主要污染金属[40]。 
潘科等[41]也在胶州湾、长江口、杭州湾、深圳湾、三亚湾等地发现了在水体
和沉积物中存在 Cu 污染的现象。由此可见，我国河口及近海海域 Cu 污染情况
非常严峻，污染主要集中在工业和人口密集区域、排污口附近及养殖区域。 
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